The two-dimensional (2D) axial-symmetric model is applied to investigate the transient cavitating flows in the reservoir-pipeline-valve (RPV) system. Firstly, the MacCormack scheme is used to solve the governing equations, and compared to the numerical results of the one-dimensional (1D) model, the 2D head peaks and time-dependent evolutions predicted by five-region turbulence model in the frozen form are in better agreement with the experimental results, and the comparisons show that the maximum head relative errors of the 2D model are generally smaller than those of the 1D model. Then, further numerical simulations are carried out to investigate the performances of different turbulence models incorporated in the 2D model. The comparisons between the numerical results and the experimental ones show the head curves of the two-region turbulence model are similar to those of the five-region turbulence model, which indicates that the transient cavitating flows are insensitive to the magnitude and distribution of the eddy viscosity in the core region. In addition, the sensitivity to the quasi-steady form and the frozen form of the five-region turbulence model is implemented in the 2D model; the numerical results predicted by the two forms both agree better with the experimental results, as the non-dimensional parameter P increases. Key words | frozen, non-dimensional parameter, quasi-steady, transient cavitating flows, turbulence model the existing commercial water hammer software (Flowmaster, Hammer, etc., Marcinkiewicz et al. ). However, the DVCM may predict unrealistic pressure peaks in the case of collapse of multi-cavities (Simpson & Bergant ). The Discrete Gas Cavity Model (DGCM) (Simpson & Bergant ), which is similar to the DVCM model, has the hypothesis that there is always a bubble (i.e. gas nucleus) at the computational node and the size of the bubble changes with the change of ideal gas (isothermal or adiabatic). The calculated results predicted by the DGCM model are in 934
INTRODUCTION
Water hammer causes not only pressure rise but also pressure drop in pipes. When the pressure drops below the vapor pressure of pure liquid, cavitation will occur. The Great achievements have been obtained for transient cavitating flows, but there are significant differences in pressure amplitudes and phases (Szymkiewicz ) between the simulated and experimental results. This is related to the steady friction term or quasi-steady friction term used in these models, which cannot describe the complex characteristics of the shear stress and underestimate the energy dissipation observed. To solve such problems, a series of one-dimensional (1D) unsteady friction models are developed from the point of unsteady wall shear stresses. For a fast closure of the downstream-end valve in a simple reservoir-pipeline-valve (RPV) system, Urbanowicz et al. () came to the conclusion that the combination of the 1D 
where ρ ¼ density of liquid-vapor mixture; A ¼ total crosssectional area of the pipe; V ¼ mean velocity; t ¼ time;
x ¼ distance along pipe; u ¼ velocity components in the longitudinal direction; g ¼ gravitational acceleration; H ¼ pressure head; r ¼ distance from the axis; and τ ¼ shear stress.
The density of the liquid-vapor mixture can be expressed by:
It can be noted that the vapor density can be neglected in comparison with the liquid density. When α is very small, Equation (3) can be simplified as:
Substituting Equation (4) into Equation (1). Neglecting the convective term V@ ρ l A ð Þ=@x and with the product ρ l A being a function of pressure p, the continuity equation can be rewritten as:
where a is the wave-speed for the liquid-vapor mixture, a ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi @p=@ρ l p ; and p is the pressure.
Introduce the auxiliary variable φ and define it as:
The continuity equation of the liquid-vapor mixture can be written in the following form:
The calculation formulas of variables p and α are as follows:
where p v ¼ vapor pressure. More details on the logarithmic cavitation model for the calculation of the pressure and void fraction can be found in Pezzinga & Cannizzaro () .
The mean velocity is calculated by the following formula:
where r 0 ¼ radius of the pipe.
In the 1D model, the following 1D momentum equation is used instead of Equation (2), and is associated with
where f ¼ Darcy-Weisbach friction factor; and D ¼ diameter.
NUMERICAL SCHEME
For the 2D model, the pipe is discretized into Nr cylinders with constant area ΔA in the radial direction and Nx reaches with constant length Δx in the longitudinal direction. The 1D model is a special case of the 2D model (Nr ¼ 1). The adopted time step is Δt ¼ Δx=a. For each discrete cylinder, axial velocity u is defined at each radial grid center; shear stress τ is defined on the inside and outside of the grid surface, as shown in Figure 1 .
The MacCormack two-step scheme (Mirzaei-Shiri et al.
) is adopted. For the x-derivatives, forward finite differences are used in the predictor step:
and backward finite differences in the corrector step:
Indices 'i' and 'j' refer, respectively, to node numbers indicating longitudinal direction x and radial direction r;
index 't' refers to time t; indices 'pre' and 'cor' refer to the predictor and corrector steps. The values at time t are calculated as the average of the predictor and corrector values.
The steady state velocity profile should be used as the initial condition for the calculation of unsteady flow. For fully developed steady turbulent flow, the shear stress achieves its largest value at the pipe wall and decreases linearly to zero at the pipe centerline. Hence, the shear stress term can be expressed in the following form:
where ν t is defined as the total kinematic viscosity of each cylinder cross section; and u τ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi fV 2 =8 p is the friction velocity. The algebraic expression of the eddy viscosity (ν t ) is evaluated from the five-region turbulence model proposed by Kita et al. () for oscillating flows. An initial assumption for the value of u τ is needed to start the computation and a shooting procedure for the friction factor is adopted to achieve the desired flow rate. by time-marching the continuity equation, and the x-derivative of the mean velocity is evaluated backward both in the predictor and the corrector step. When the valve is completely closed, the mean velocity is zero and the pressure head is evaluated backward both in the predictor and the corrector step. Moreover, a symmetry boundary condition is applied to the local velocity at the pipeline centerline and a no-slip condition is enforced at the pipe wall.
RESULTS AND DISCUSSION
In order to validate the proposed mathematical model and numerical scheme, the numerical results were compared with experimental tests carried out by Simpson () .
Layout of the laboratory apparatus is shown in Figure 2 
Selection of discrete parameters
When several cylinders exist, there are many methods to determine the radial thickness. Bratland () implied that the equal area (dA ¼ r 2 j À r 2 jÀ1 ¼ constant) can give more detail close to the pipe wall than the equal thickness (dr ¼ r j À r jÀ1 ¼ constant). Since the radial disturbances are caused primarily by the no-slip condition at the wall and since diffusion processes are much slower than wave processes in low Mach number flows, the equal area has a significant advantage. So all results presented herein are obtained with cylinders of equal area. In addition to the selection of the thicknesses of various cylinders, the total number of them should also be selected. First of all, the grid independence verification of the 1D model is carried out for each test to determine Nx. Eight different numbers of pipe reaches (Nx ¼ 8, 16, 32, 64, 128, 256, 512 and 1024, respectively) were considered and the parameter of the maximum head at the valve was used to assess the performance of the model. The results for R2 are shown in Figure 3 (a). The maximum head at the valve increased gradually with the increase of Nx. When Nx > 32, the maximum head at the valve almost remained unchanged, therefore the optimal value of Nx is 32. Then, the grid independence verification of the 2D model is carried out to determine Nx and Nr. Four different numbers of discrete cylinders (Nr ¼ 21, 30, 50 and 100, respectively) at a range of different Nx were considered and the parameter of the maximum head at the valve was used to assess to performance of the model. The results for R2 are shown in For the particular problem considered here, the use of It can be noted that, also for upstream 1/4 point and downstream 1/4 point, the improvements made by the 2D model are similar to those previously shown.
The measured head oscillations compared with the results of the 2D model and 1D model are shown in Figure 5 for R2 at all monitoring points. The phenomenon of this test is characterized initially by a Joukowsky pressure rise caused by the rapid closure of the valve, and then the pressure reduced to vapor pressure and the subsequent pressure peak was caused by the collapse of the cavity. It can be noted that the 2D model is much better than the An analogous comparison is shown in Figure 6 for R3.
Also, in this case both the two models can reproduce well the above-mentioned phenomenon and predict that the pressure peak caused by the collapse of the first cavity at the valve, H v,2 , is greater than the first peak pressure due to Joukowsky pressure rise. Analogous representations are performed in Figure 11 for R9 (P ¼ 7.94). In this case, the results obtained by both forms are close to each other and have a slight difference from the experimental ones. It seems that the two forms work much better for R2 than R9 and this is partly due to the fact that P for the former test is greater than that for the latter test. The conclusion in the cavitating flows is similar to that summarized by Ghidaoui et al. () in noncavitating flows. This is because when the value of P is of the order of 1, the wave-induced shear pulse diffuses out of the viscous sublayer into the buffer zone and core region. As a result, the velocity profile does not present a logarithmic-like shape and the turbulent production and dissipation are different from their initial steady state characteristics in the region outside the viscous sublayer.
Therefore, the structure and intensity of turbulence experience significant changes during the transient event, which makes the frozen and quasi-steady form questionable.
Unfortunately, there are no available data that could be used to judge on the better form in such a complex phenomenon. Therefore, there is an urgent need for a systematic experimental study so as to determine the more accurate forms. 
CONCLUSIONS
Based on the governing equations of the vapor-liquid homogeneous mixture, 1D and 2D models for transient cavitating flow were constructed, respectively. By comparing the experimental pressure curves of the quick closing of the downstream valve in a simple RPV system, the main findings of the paper are summarized below:
(1) For the transient cavitating flow considered here, the optimal ratio of the number of grid reaches (Nx) and the number of discrete cylinders (Nr) is found to be about 5.0 in the 2D model.
( (5) If the non-dimensional parameter P is much greater than 1, the turbulence distribution rapidly changes and the velocity profile has enough time to form the fullydeveloped velocity. So the quasi-steady and frozen forms are both acceptable. If the non-dimensional parameter P is of the order of 1, the quasi-steady and frozen forms become less accurate.
